Abstract-The planar type electron emission devices based on a graphene-oxide-semiconductor (GOS) structure were developed. The GOS type electron emission devices fabricated by the combination of low temperature graphene deposition process of 800 ℃ and the post device annealing at 300 ℃ in vacuum achieved both of very high electron emission efficiency more than 10 % and high electron emission densities of around 100 mA/cm 2 .
I. INTRODUCTION
A planar type electron emission device based on a metaloxide-semiconductor (MOS) structure [1] [2] [3] [4] has great potential for applications utilizing electron beams such as a field emission displays [5] high-sensitive image sensors [6] , since it can be operated in low vacuum and low voltage conditions. However, its electron emission efficiency, which defined as the ratio of the current emitted into vacuum from the topmost gate electrode divided by the total current flow through the semiconductor substrate, is typically very low of around 0.002 % [3] . In order to improve the electron emission efficiency of MOS devices, suppression of electron scattering within the oxide and electrode is very important. Another solution is use of low work function materials as a gate electrode. In our previous study, a high emission current density of 1-100 mA/cm 2 was achieved by suppressing the inelastic electron scattering within the topmost gate electrode using a graphene gate electrode, while maintaining a relatively high electron emission efficiency of 0.1-1 %, which is two orders of magnitude higher than the conventional MOS planar-type electron emission devices [7] . In addition, further improvement of the electron emission efficiency up to 2.3 % was achieved by the work function lowering of the graphene gate electrode using 300 ℃ annealing in the vacuum pressure of 10 -4
Pa [8] . In the very recent study, very high electron emission efficiency of around 20 % was achieved by the combination of the reduction of the graphene growth temperature in the chemical vapor deposition process down to 800 ℃ from 1050℃, and post annealing at 300 ℃ in 10 -4 Pa.
In this paper, recent progress of the graphene-oxidesemiconductor (GOS) planar-type electron emission device and its possible applications will be discussed.
II. EXPERIMENT
Highly doped n-type Si substrate with a thermal oxide thickness of 300 nm was used. The electron emission area of 10-100 μm square was fabricated using conventional photolithography and wet etching. The thin oxide layer with a thickness of 6~10 nm was then grown by thermal oxidation at 900 ℃ after conventional RCA cleaning. A graphene electrode with 2~3 layers was directly synthesized on the entire surface of the substrate by chemical vapor deposition (CVD) at 800 ℃. The graphene electrode was partially etched by a photolithography and O2 plasma for the device isolation. The Ni/Ti contact electrode was then fabricated using conventional photolithography, electron beam evaporation deposition, and the lift-off process.
The electron emission characteristics were measured in a vacuum chamber at the pressure of 10 -6 Pa evacuated by a turbo molecular pump and/or a scroll pump. An anode electrode of a metal plate for applying a 1 kV voltage was placed 5 mm away from the gate electrode. The GOS devices were annealed at 300 ℃ in the load-lock chamber at a base pressure of ~10 -4 Pa. Figure 1 shows the typical electron emission properties of the GOS device. The maximum electron emission efficiency was 18.7 % at the gate bias voltage of 11V. Emission current was detected at the gate bias of around 8 V and reached 100 mA/cm 2 at 14V with a high emission efficiency of 16.6 %. Figure 2 shows the electron emission efficiency as a function of electron emission current densities. The GOS type electron emission devices achieved both of high electron emission current density more than 1mA/cm 2 and a high emission efficiency more than 10%. The very high performance planar type electron emission devices based on a GOS structure were developed. Both of very high electron emission efficiency of more than 10 % and high electron emission densities of around 100 mA/cm 2 was achieved with the GOS type electron emission devices fabricated by the combination of low temperature graphene CVD process of 800 ℃ and post device annealing at 300 ℃ in vacuum conditions. The planar type electron emission devices with high electron emission efficiency and high electron emission current density would open the novel and wide applications utilizing electron beams.
III. RESULTS AND DISCUSSION

